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Trimeric clusters of the type, Ni3(AADO).X.(H20)s.2H.O (X=CI-, Br-, I- or NO;; AADO
= anion of acetylacetonedioxime) separate out in crystalline form when ethanolic solutions of
acetylacetonedioxime, nickel acetate and the corresponding nickel salt are mixed in the molar
ratio 2: 2: 1 and allowed to concentrate by slow evaporation at room temperature. Infrared
and electronic spectra show that both, nitrogen and oxygen atoms of acetylacetonedioximate ion
are coordinated to nickel ions and each terminal metal ion is present in an octahedral and the
central ion in a tetragonal ligand field with NiN,X2 (X=CI-, Br", I-) chromophores. Magnetic
susceptibilities of the trimeric clusters have been measured from room temperature to SooK. At
room temperature the complexes possess magnetic moments of about 3·2 B.M. per nickel ion
which correspond to hexacoordinated nickel(II). As the temperature is lowered, the moment
increases, becoming 3·5 B.M. around 90oK. The results demonstrate that the spins of eg(d",_y.
and d,.,) electrons on the terminal nickel ions and b,g(d",_y.) and b.g(dxy) electrons of the central
nickel ion are ferromagneticatly coupled and comparison of the results with Kambe's theory for
the susceptibility of a magnetically isolated exchange coupled trinuclear complex shows that
the adjacent nickel atoms of the triad have positive coupling constants (J~20 cm-') with the
Lande' splitting factor g =2·10.
NICKEL clusters showing ferromagnetic ex-change behaviour are few and these havereceived much attention in recent years.
Bis(acetylacetonato)nickel(II) complex, a linear
trimer, is so far the only trinuclear complex for
which the magnetic behaviour has been studied!
over the temperature range 1·6-296°K and it has
been found to have parallel spin alignment in its
ground state. It is also One of the rare examples
which exhibit both positive (J =26 cm-l) and
negative (J = -7 em-I) intracluster exchange
integrals. A series of 'cubane' type tetrameric
clusters of Ni(II) of the type, Ni4(OCH3)4(Lk
(CH30H)4 (L=acetylacetoneor salicylaldehyde anion)
have been reporteds+, Magnetic studies show that
the nickel tetramers have intramolecular ferromag-
netic exchange. Recently a few Ni(II) dimers (Ni2
en, X2) (X=CI- or Be) and [Ni2 en4(SCN2)] 12 have
been reported which exhibit intracluster ferromag-
netic exchange",
'We report here the isolation of a few trinuclear
clusters of Ni(II) with acetylacetonedioxime of
the type Ni3(AADO)2X2(H20)s.2H20 (X=Cl-,
Be, 1- or NO:i) which show ferromagnetic spin
coupling between adjacent pairs of nickel ions.
Materials and Methods
All the chemicals used were BDH or E. Merck
reagents.
. Acetylacetonedioxime was prepared by the
literature method and its melting point agreed well
with the reported value".
Bis (acety lacetonedioximato )nickel (I I) dichloride
and dibromde were prepared by reacting ethanolic
solutions of the respective metal halides with an
ethanolic solution of acetylacetonedioxime in 1:2
molar ratio.
Di -p-acety lacetonedioxirna to-( dichloro) (octaaquo)-
trinickelil I) dihydrate was prepared by adding
nickel(II) chloride hexahydrate (1·2 g, 0·005 mole)
in 30 ml of ethanol to a solution of acetvlacetone-
dioxime (1·3 g, 0·01 mole) in 70 ml of ethanol when
a deep bluish-violet solution was obtained. The
solution was subsequently treated with nickel
acetate tetrahydrate (2·5 g, 0·01 mole) and stirred
for several minutes when a clear solution was obtain-
ed. The solution was allowed to concentrate at
room temperature when a green crystalline product
was obtained after a few days. It was filtered,
washed with small quntities o( ethanol, finally with
solvent ether and dried in vacuo.
The bromide, iodide and nitrate complexes were
prepared in a similar manner. Analytical data
of the compounds are recorded in Table I.
Physical measurements were carried out as report-
ed ear lier8.
Results and Discussion
IR spectra - It is remarkable to observe that
the IR spectra of all the trinuclear complexes
resemble each other very closely but differ strikingly
from that of the mononuclear complex.
Acetylacetonedioxime shows a strong and broad
band at 3280 crrr ' which may be assigned to
hydrogen-bonded "OR of the NOH groups. In the
mononuclear complex, Ni(AADOH2)2CI2, a sharp
band at 3380 cm-l and a relatively broad band at
3245 em? is observed. The relative intensity and
the shape of the latter band are comparable to
those of the vOH band of the free ligand. This
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TABLE 1-ANALYTICAL DATA OF THE COMPLEXES
Complexes Ni (%) C (%) H (%) N (%) Halide (%)
Found Calc. Found Calc_ Found Calc_ Found caie. Found Calc_
Ni(AADOH.hCI. 15-19 15-13 31-51 30-80 5-32 4-10 13-85 14-35 17-65 18-22
Ni(AADOH.).Br. 12-21 12-30 11-19 11-70 32-96 33-60
Ni3(AADO).Br._l0H.O 21-20 22-84 15-80 15-40 5-44 4-33 7-20 7-22 20-25 20-65
Ni3(AADO).CI._I0H.O 25-28 25-72 18-50 17-50 6-10 5-84 8-63 8-16 10-00 10-32
Nis(AADO).I.10HsO 20-61 20-41 13-50 13-80 4-50 3-92 6-60 6-46 28-10 29-30
Ni3(AADO).(N03).10H.O 23-29 23-95 17-36 16-24 6-18 5-14 10-43 11-35
indicates the presence of both hydrogen-bonded
and free OR in the monomeric complex, the band
at 3380 ern? may be assigned to \lOH of free OR
group while that at 3245 em'? may be due to
hydrogen-bonded \lOR_ These results are consistent
with the proposed structure (I) for the mononuclear
complex. Bands at 1600 (\lC=N) and 980 and
960 cnr? (\IN-0) in the ligand shift to 1675 and
1060 and 990 crrr- respectively in the monomeric
complex9-12_
The trinuclear metal complexes are found to
possess the stoichiometry Ni3(AADO)2X2(H20)s_2H20
where both the protons of the dioxime have
been replaced by metal ion. The IR spectra of
the clusters exhibit some characteristic differences
from those of the ligand as well as the mononuclear
complex. In the region 3500-3400 crrr+, all the
complexes show a strong and broad band at 3480
crrr" which can be unequivocally assigned to the
\lO-R of the water molecules. None of the com-
plexes exhibit any band in the region 3400-3200
crrr- indicating ionization of all the protons of
NOH groups of acetylacetonedioxime.
The C::.::N and NO bands appear at 1650, 1020
and 975 cm-I respectively which are precisely in
the regions intermediate with respect to the mono-
nuclear complex and the free ligand vibrations,
The shift of the bands towards the low frequency
region as compared to the mononuclear complex
indicates wider delocalization of the electronic
charge in the newly formed chelate rings on account
of coordination of both nitrogen and oxygen atoms
of the oxime groups to adjacent nickel ions,
Structure (II) is tentatively assigned to the complex
( Il
UI) X :: CI~Br-or r-
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which is further supported by magnetic data.
Besides the characteristic \lC-N, \lNO and other
ligand vibrational bands, the trimers show two
additional bands, the first a strong and broad band
at 1540 em+ and the second a sharp band of medium
intensity at 900 crrr" which may be assigned to
scissoring and rocking mode of vibration of co-
ordinated water_
Electronic spectra - The electronic spectra of
the mononuclear complexes, Ni(AADOH2)2X2 (X=
Cl" and Br") show a symmetric band at 14700
cm! which may be reasonably assigned t? the \12
transition [3A2g-+3T1g(F)] for octahedral Nl(II)13.14_
In sharp contrast to the mononuclear complexes,
the trinuclear clusters show a group of three bands
(Fig. 1) well separated from each other in this re~ion_
Spectra of the complexes have been als~ examined
in different solvents like dimethyl snlphoxide, methyl
cyanide, ethanol and water and found to be very
similar except some minor variations in band posi-
tions (Table 2)_ The observed bands are due to
d-d transitions since their extinction coefficients
lie in the range 10-40 and can be reasonably inter-
preted by assigning tetragonal distortion of the
crystal field for the central nickel ion and an approxi-
mately octahedral crystal field for the terminal
nickel ions with chromophores NiN4X2 (X=Cl-, Br,
1-) and Ni06 respectively. The first band which is
observed at 13000 crrr- can be assigned to the
transi tion 3A 2g---,?3T 19(F) for the terminal chromo-
phores, 06- The next two bands at 14500 and
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Fig. 1 - Electronic spectrum of Ni3(AADO).CI.(HsOlro
in DMSO
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TABLE 2 - ELECTRONIC SPECTRA OF TRINUCLEAR ACETYLACETONE DroXIMATO NICKEL(II) COMPLEXES (CM-l)
Compound Solvent Transitions
3Tlg+-3A.g SA,g<-3Blg 3TH<-3A,g SEg<-3Blg 3T1g(P)<-3Aog
or CT band
Ethanol 15400 25300
do 15600 25600
DMSO 13000 14900 16100 Strong CT band
above 20000
MeCN 14900 16700 do
Nujol 13000 14900 14900 16700 25000
Water (broad)
Ethanol 13200 14900 16600
DMSO 13100 14800 17500
MeCN 13000 14300 16100
Ethanol 13100 15400 17200
Water 13100 15000 17200
DMSO 13100 14500 17200
Ni(AADOH,l.Cl.
Ni(AADOH,),Br,
Ni3(AADO).Cl.(H,O)8.2H,O
Ni3(AADO),Br,(H.O)8.2H,O
Ni3(AADO),I.(H,O)s.2H,O
Ni3(AADO),(N03)(H,O)lO
~7500 C,?-1 correspond to the two components
Into which the transition 3Az,g-+3T1g(F) of octa-
hedral field is split upon tetragonal distortion.
The suggested assignments are shown in Table 2.
The position of the bands and magnitude of axial
field split ting are comparable to those in the case
of dihydrazinophthalazine nickel(II) complexes=
w~ere the arrangement of ligand atoms is trans-
NIN4X2 and levels are split by some 4000-5000 crrr+
by the tetragonal distortion.
Alternatively, the three bands can be assigned
to the transitions from the ground (3A 2g) to the
three orbitally singlet components that will be
produced from the 3T1g(F) state under still lower
rhombic (D2h) symmetry for both the chromophores
NiN402 and Ni06, the bands mutually overlapping
each other*.
Magne~ic susceptibility - The magnetic properties
of the trinuclear clusters may be discussed in terms
of ~eisenberg-Dirac-Van Vleck spin coupling Hamil-
tOnIanl,16-18. For an isolated linear trimer the
spin-spin Hamiltonian H is given by Eq. (1).
H= -2UI2S1,S2+ J23S253+ J13S1.53J ... (1)
:vhere Jij is the exchange coupling constant between
zth and jth paramagnetic centres and S; is the spin
angular momentum operator for the ith centre.
The spin angular momentum operators S, (i=1-3)
have the same expectation values and may be
wntten as S. The characteristic values of Si.Si=
S(S+l) and by taking SI3=S1+S3 and S123=S1+
S2+S3' the energy levels for the Hamiltonian are
described by Eq. (2).
E(S123' SJal = - J[S123(S123+ 1) -S13(S13+ 1)
-S(S+ l)J - J13[SdS13 + 1)-2S(S+1)J ... (2)
For the nickel triad with two UNpaired spins on
each metal ion, the energy values are recorded in
Table 3 (ref. 18). When the system is subjected to
extern~l magnetic field the energy levels are further
split Into (25123+ 1) levels, i.e. the first order
Zeeman term gMs ~H is to be added to the energy
where g is Lande splitting factor and M, takes the
values S123' SI23-1, , -5123,
*The authors thank the referee of this paper for suggesting
this alternate assignment.
TABLE 3 -ENERGY VALUES FOR THE NICKEL TRIAD
513 5123 Ei
2 3 -4J-2J13
2 2 2J -2J13
1 2 -2J+2JI8
2 1 6J-2J13
1 1 2J+2J13
0 1 4J13
1 0 4J +2J13
The molar susceptibility is given by Eq. 3.
r; = ~[~ ;;exd(~~i) I ~exp(~:i)) ... (3)
In the present case g ~H<{,kT in the temperature
range studied, the susceptibility expression per
g atom of nickel reduces to Eq. 4.
Ng2~2 'Zaie-Ei/kT N
X~ = 3kT 'Zb.e E;lkT + a ••• (4)
•
+Slt.
where a; =.2 Ms and bi = (25123+1) correspond-
MSS123
ing to the E. values as given in Table 3.
The magnetic susceptibility values listed in
Table 4 have been corrected for diamagnetism using
Pascal's constants-? and for temperature indepen-
dent paramagnetism. The effective magnetic mo-
ment has been calculated at each temperature
employing the expression [l.eff=2·828 (XA-N a)1/2.
The value 200 X 10-6 c.g.s.je.m.u. per nickel ion
has been used for N (I., the temperature independent
paramagnetism.
At room temperature, a p.eff value of 3·2 B.M.
is observed for each compound and it gradually
increases as the temperature is lowered. Comparison
with Kambe's theoretical curves (Eq. 4) indicated
that the exchange coupling constant J must be
positive. The best fit values for J and the Lande'
spilitting factor g were derived for each compound
and are recorded in Table 4. The magnetic suscept-
ibilities observed for the compounds were compared
with the predicted ones Obtained by graphical
procedure (Fig. 2). The monotonic increase in
moment together with positive exchange coupling
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TABLE 4 - MAGNETIC SUSCEPTIBILITY DATA
[J.effx~ X loa
c.g.s.
e.m.u.
[J.eff
(B.M.)
305·0
280·0
252·0
229·0
219·0
203·0
199'0
184·0
158·0
149·0
128·0
118·0
108·0
101·0
4332
4698
5113
5680
6096
6462
6685
7363
9862
10648
12537
13133
14823
15633
3·16
3·16
3·14
3·16
3·14
3·18
3'21
3·23
3·48
3·52
3·54
3·48
3'56
3·56
Ni3(AADO).I s-10Hp; J=22'0 cnr ', g=2'08
303·0 4505 3·22
288.0 4658 3·19
278·5 4810 3-19
254·5 5239 3·19
219' 5 6321 3·27
205·0 6878 3'29
196·0 7062 3·27
170·0 8509 3'35
163·5 8653 3·32
149·0 9844 3·38
133·0 11347 3·44
123·0 12227 3·44
108·5 13737 3'41
89·0 16389 3·41
T/K )(~ X 10·
c.g.s.
e.m.u.
304·0
283·0
257·5
229'5
211·0
196·0
173-0
143·0
118·0
108'5
98·5
90·0
4392
4742
4990
5632
6616
7070
7956
9905
11924
14100
14928
16211
3·18
3·19
3·14
3-16
3·28
3·29
3'32
3'34
3·34
3·47
3·41
3·42
Ni3(AADO).(N03).·10H.O; J=22'0 cm-l, g=2·15
304·0
288·0
279·0
260·0
246·0
213-0
199·0
180·5
163·5
108·0
103·0
93·0
4738
4928
5182
5491
5885
7137
7616
8002
9339
14684
14731
16860
3·30
3·29
3·32
3·29
3·33
3·42
3·42
3·50
3·45
3·50
3·48
3-48
16
16
14
12
10
-;
8
6
1.:
,
eo 100
- Theoretical curve
~ Experimental values
, , t ,
150 200 250 300
TEMPERATURE('K)
Fig. 2 - Plot x~ versus temperature for Ni3(AADO).-
CJ.(H.O}IO
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constant provide evidence in support of a trimeric
structure of the complexes and for the existence of
ferromagnetic interaction between different subsets
of spins in the trinuclear clusters.
The major contribution to ferromagnetism in
the trinuclear acetylacetonedioximato nickel (II)
complexes is due to super-exchange through -O-H
bridging groups rather than direct overlap of metal-
metal orbitals. The ferromagnetic spin coupling
can be reasonably understood from the consideration
of symmetry relationship between metal orbitals
containing unpaired spins and sand p orbitals of
oxygen and nitrogen atoms which constitute the
polyatomic bridging system2o-n. For the terminal
metal ions in the trimer, the unpaired electrons may
be considered to occupy the Cg orbitals in an octa-
hedral ligand field. For the central metal ion,
tetragonal distortion occurs and under D4h symmetry
the set of d orbitals may be considered to split with
the following decreasing order of energy b1g (d~•.y,)
> b2g(dxy) ~ alg(dz') and > cg(dyz, dxz) with the
unpaired electrons occupying orbitals of b1g and
b2g representations. Since super-exchange mecha-
nism is well known for 180° and 90° interactions",
we assume an idealized geometry with -O-N-Ni(2)
angle of 90°. The contribution to J may be con-
sidered by the following 1, 2 and 3 exchange path-
ways. Symbols II and ...Lindicate overlap and ortho-
gonality respectively'":
1.egNi(1) II s(O) II s(N) II b1gNi(2)
SINGH et al.: TRINUCLEAR Ni(II) COMPLEXES
The Cg orbitals of terminal nickel ions and bIg orbital
of central nickel ion mutually overlap with the
spherically symmetrical 2s orbitals of the bridging
oxygen and nitrogen atom. This super-exchange
pathway will lead to antiferromagnetic coupling.
If the terminal nickel ion has ex. spin then ~ spin
will arise on the central ion and the contribution
to ] would be negative
2.6gNi(ll II P%(O) II P%(N) J.. py(N) II b1gNi(2)
The unpaired spin density (say a) at the eg orbitals
of the terminal nickel ions may be first transferred
to P % orbitals of oxygen and nitrogen and sub-
sequently tJ bIg orbital of Ni(2) through p y orbital
of nitrogen. Since py orbital is orthogonal to p"
orbital, this interatomic direct exchange would
be ferromagnetic.
3.d"'_y.Ni(1) II p,,(O) II px(N) J.. b2g(dry)Ni(2)
The third pathway is Anderson's true direct
exchange effect between two unpaired spins occupy-
ing mutually orthogonal orbitals. It is always
ferromagnetic and originates from coulomb repul-
sion of the overlap charge. A true direct exchange
between terminal and central nickel ions occurs
because the unpaired spins in 6g and b2g sets respec-
tively are in mutually orthogonal orbitals and
coupling between 6g and b2g subsets centred on Ni(I)
and Ni(2) would be ferromagnetic.
The magnitude and sign of] would be the result-
ant of the terms 1-3. The contribution of each
pathway will be influenced by the magnitude of
the relevant everlap integrals, interatomic distances
and angles and the relative energies of the orbitals.
In the present case the combined effect of pathways
2 and 3 predominates over the anti ferromagnetic
term 1 with the result that the spins of adjacent
metal ions in the trimers interact ferromagnetically.
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